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We review our recent magnetotransport and micromagnetic studies of lithographically defined epi-
taxial thin film structures of bcc Fe and hcp Co with stripe domains. Micromagnetic structure and
resistivity anisotropy are shown to be the predominant sources of low field magnetoresistance (MR)
in these microstructures, with domain wall (DW) effects smaller but observable (DW-MR <
∼
1%). In
Fe, at low temperature, in a regime in which fields have a significant effect on electron trajectories,
a novel negative DW contribution to the resistivity is observed. In hcp Co microstructures, temper-
ature dependent transport measurements for current perpendicular and parallel to walls show that
any additional resistivity due to DW scattering is very small.
I. INTRODUCTION
The effect of magnetic domain walls (DWs) on
the magnetoresistance (MR) of thin films, micro- and
nanowires is a topic of great current interest. Recent ex-
perimental research has extended early work on 3d tran-
sition metal single crystals [1] to microfabricated struc-
tures of transition metals [2–6] and transition metal al-
loys [7,8]. This topic has also been approached from a
number of viewpoints. In nanowires an experimental goal
has been to use MR to investigate DW nucleation and
dynamics in search of evidence for macroscopic quantum
phenomena [9,10]. While in thin films and microstruc-
tures with stripe domains, experiments have focused on
understanding the basic mechanisms of DW scattering of
conduction electrons [2–6]. In both cases this experimen-
tal work has stimulated new theoretical work in this area,
including studies of the effect of DWs on quantum trans-
port in mesoscopic ferromagnets [11,12]. Independently,
a new mechanism of DW scattering was recently pro-
posed which invokes the two channel model of conduction
in ferromagnets and spin dependent electron scattering
– a starting point for understanding the phenomena of
giant MR (GMR) [13]. Another approach has extended
the two band model of Ref. [11] to general band struc-
tures and state dependent scattering times, and obtained
different results [14].
In this article we review our recent experimental inves-
tigations of patterned epitaxial thin film structures of Fe
and Co with controlled stripe domains [4–6]. Such mate-
rials have enabled detailed studies of the physical mech-
anisms by which the erasure of DWs and micromagnetic
structure with applied magnetic fields produces MR. The
MR phenomena observed in Fe and Co will be compared
and contrasted. Experiments have revealed novel MR ef-
fects, including in the case of Fe at low temperature, a
reduction in resistivity when domains are present [5] – in
contrast to the increase expected due to DW scattering.
This occurs in a low resistivity regime in which both the
influence of the internal field on electron trajectories and
scattering of electrons at film surfaces are important [15].
While at low temperature results on Fe and Co are
different, at room temperature the MR behavior and the
basic physical mechanisms of MR are the same. For ex-
ample, for fields applied parallel to the easy axis the MR
is negative in both Fe and Co microstructures. In initial
work on Co thin films with stripe domains this “large”
negative MR was interpreted as evidence for the newly
proposed DW scattering mechanism, and a giant DWMR
[3]. Here MR measurements as a function of the angle of
the applied field and magnetic force microscopy (MFM)
imaging in conjunction with micromagnetic simulations
strongly suggest that this negative MR is mainly a con-
ventional anisotropic MR (AMR) effect – and is thus a
bulk scattering effect and not associated with DW scat-
tering [6]. Low temperature measurements on hcp Co
microstructures as a function of the angle of the current
and walls show that any additional resistivity or MR as-
sociated with DW scattering is very small.
II. FABRICATION AND MAGNETIC
CHARACTERIZATION
For these studies microfabricated wires were prepared
from high quality bcc (110) Fe and hcp (0001) Co epi-
taxial thin films. These films were produced with an
UHV e-beam evaporation system on a-axis (112¯0) sap-
phire substrates using seeded epitaxial growth methods
[4–6]. A typical 100 nm thick Fe film prepared in this
manner had a residual resistivity ratio (RRR) of 30 and
a low temperature resistivity of ρo = 0.2 µΩcm. Co layers
of thickness 55 nm, 70 nm, 145 nm and 185 nm (RRR=
1
19, ρ = 0.16 µΩcm) have been prepared and studied.
The films were then patterned using projection optical
lithography and ion-milling to produce micron scale bars
of 0.5 to 20 µm linewidth and ∼ 200 µm length for 4
point resistivity measurements.
These films have a strong uniaxial component to the
magnetic anisotropy. For (110) Fe thin films, shape
anisotropy confines the magnetization to the film plane
which contains the easy [001], hard [11¯1] and [11¯0] inter-
mediate magnetocrystalline axes. In contrast, hcp (0001)
Co films have a strong uniaxial anisotropy with the mag-
netic easy axis perpendicular to the film plane.
A competition between the magnetocrystalline, ex-
change and magnetostatic interactions has been used to
produce controlled stripe domain configurations in mi-
crofabricated structures. Fe films were patterned into
wires with the long wire axis perpendicular to the [001]
easy magnetic axis and parallel to the [11¯0] direction,
which results in a pattern of regularly spaced stripe do-
mains perpendicular to the long wire axis. Varying the
linewidth changes the ratio of the magnetostatic and
magnetocrystalline energies to the DW energy and hence
the domain size. Minimization of the free energy for such
a situation leads to a simple scaling in which the domain
width depends on the square root of the wire linewidth
[16]. However, experiments reveal metastable domain
configurations. Fig. 1 shows magnetic force microscopy
(MFM) images of microstructures of systematically var-
ied linewidth in zero field performed at room temperature
with a vertically magnetized tip [19]. These images high-
light the DWs and magnetic poles at the boundaries of
the wires. Images in the left hand column were taken
after the wire had been saturated transverse to its long
axis, while those in the right hand column were taken
after longitudinal magnetic saturation. The domain size
is seen to depend both on the linewidth and magnetic
history. The latter effect is particularly dramatic in the
2 µm wire (Fig. 1a and b) where the domain width varies
by a factor of 4, from 0.4 µm after longitudinal saturation
to 1.6 µm after transverse saturation. The domain width
can be varied continuously in this range by varying the
angle of the in-plane saturating field prior to demagneti-
zation [20]. Note also that the domain width is consid-
erably larger in 20 µm linewidth wires (∼ 6 µm Fig. 1e
and 1f).
Domain configurations near the sample boundaries
have an important influence on the MR, and character-
izing their influence is essential to the interpretation of
these experiments. Magnetic configurations at bound-
ary surfaces with normal vectors (nˆ) parallel to the mag-
netic easy axis (eˆ) depend on the ratio of the anisotropy
to demagnetization energy, Q = K/2piM2s . For small
Q (Q ≪ 1), flux closure domains (with M ⊥ nˆ to the
boundary surface) are favored to reduce the magneto-
static energy, while for large Q (Q ≫ 1) stripe domains
which intersect the surface with M ‖ nˆ ‖ eˆ are favored
to reduce the magnetocrystalline energy density. Both
Fe and Co are in the small Q limit (QFe = 0.03 and
QCo = 0.35) and flux closure domains are expected. For
the Fe films these occur at the lithographically defined
wire edges and for the Co films, which have perpendicu-
lar anisotropy, these form at the film top and bottom in-
terfaces [17,18]. Results and micromagnetic simulations
for Co in this geometry are discussed below. For Fe mi-
crostructures an approximate outline of the domain con-
figuration is sketched in Fig. 1a for a 2 µm linewidth wire
after transverse saturation.
Since current is directed along the Fe wire, there are
domains with magnetization M oriented both parallel
and perpendicular to the current density J. In order to es-
timate the MR contributions due to resistivity anisotropy
the volume fraction of closure domains (with M ‖ J) has
been estimated from MFM images and is labeled γ. For
the 2 µm linewidth this fraction is γ = 0.4 after longitu-
dinal saturation and γ = 0.14 after transverse saturation
(see Ref. [5], Fig. 2).
FIG. 1. MFM images in zero applied field of (a,b) 2 µm,
(c,d) 5 µm, and (e,f) 20 µm linewidth Fe wires. Images in
the left hand column were taken after magnetic saturation
transverse to the wire’s long axis, while those in the right hand
column were taken after longitudinal saturation. The dashed
lines in (a) illustrates the flux closure domain configurations
observed.
III. MAGNETOTRANSPORT PROPERTIES
MR measurements were performed in a variable tem-
perature high field cryostat with the applied field oriented
in three different orientations: (i) in-plane and perpen-
dicular to the wire long axis (transverse), (ii) in-plane and
parallel to the wire long axis (longitudinal), and (iii) per-
pendicular to the film plane (perpendicular). The sample
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was rotated between two of the three possible orienta-
tions in-situ (i.e., at the measurement temperature), low
excitation currents were used (J < 104A/cm2), and the
magnetic history of the sample was carefully controlled.
A. Fe Microstructures
Fig. 2 shows representative MR results on a 2 µm
linewidth Fe wire for in-plane applied fields at both a)
high (270 K) and b) low temperature (1.5 K). First con-
sider the MR characteristics at 270 K. For fields trans-
verse to the wire, and thus parallel to the magnetic easy
axis, the MR is negative. While in the longitudinal ge-
ometry, the low field MR is positive. At fields greater
that the magnetic saturation fields (Hs‖ = 0.035 T and
Hs⊥ = 0.085T) the resistivity is essentially independent
of magnetic field and ρL(Hs) > ρT (Hs). At 1.5 K these
characteristics change significantly. The transverse MR
is now positive, the MR is large and positive above the
saturation field and ρL(Hs) < ρT (Hs), the resistivity
anisotropy is reversed.
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FIG. 2. (a) MR data at 270 K of a 2 µm linewidth Fe
wire in the transverse and a longitudinal field geometries. (b)
MR at 1.5 K again in the longitudinal and transverse field
geometries.
This reversal is due to competing sources of resistivity
anisotropy. The first is anisotropic MR (AMR) which
has its origins in the spin-orbit coupling – the resistiv-
ity determined by extrapolation of MR data above sat-
uration to B = 0 depends on the angle of M and J
and, further, in a crystalline material, may depend on
the direction of these vectors with respect to the crystal
axes [21]. Typically, AMR in transition metals leads to
ρL(B = 0) > ρT (B = 0), that is domains with M ‖ J
have a greater resistivity than those with M ⊥ J. How-
ever within magnetic domains, even in the absence of
externally applied fields, the B field can be large (for Fe
4piM = 2.2 T and Co 4piM = 1.8 T, approximately in-
dependent of temperature in the range studied) and the
anisotropy of the Lorentz MR can be important. The
Lorentz MR depends on the angle of J and B and is
a function of B/ρ(B = 0, T ), the field divided by the
zero field resistivity, or equivalently, ωcτ , the cyclotron
frequency times the relaxation time. Since the Lorentz
force is proportional to J×B, usually ρT (B) > ρL(B).
At low temperature, due to the increase in the relaxation
time, τ , the anisotropy of the Lorentz MR increases. As
a result, at a certain temperature, the in-plane H = 0 re-
sistivity anisotropy changes sign [5]. Fig. 3 illustrates
schematically this scaling of the resistivity anisotropy
with temperature and magnetic field.
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FIG. 3. Schematic of the scaling of the MR and resistivity
anisotropy with field B, resistivity and temperature
Resistivity anisotropy is a conventional source of low
field MR. Starting from a multidomain sample, an ap-
plied saturating field both erases DWs and reorients the
magnetization with respect to the current direction and
crystal axes. Since domains with M ⊥ J and M ‖ J have
different resistivities this produces MR. Quite distinct
from DW contributions, this low field MR is associated
with the electron scattering and orbital effects internal
to domains discussed above.
This MR can be estimated within an effective medium
model of the resistivity, assuming both that the domain
size is greater than characteristic transport lengths (such
as the mean free path) and that the resistivity anisotropy
is small. The normalized resistivity measured at H = 0
is given by
Rmeas(H = 0) = γRL,0 + (1 − γ)RT,0 (1)
Here RL,0 and RT,0 are the MRs extrapolated from above
magnetic saturation toH = 0 (the dashed lines in Fig. 2),
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and Rmeas(H = 0) is the measured normalized resistivity
(as indicated in Fig. 2). This simple model can account
for the high temperature MR. For instance, the negative
MR observed in the transverse geometry is due to erasure
of higher resistivity closure domains (Fig. 2a). Also, after
longitudinal saturation the volume of closure domains is
smaller and thus the resistivity at H = 0 is lower. Such a
model has been employed to analyze the low temperature
MR data as well [4,5,24].
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FIG. 4. MR of a 2 µm linewidth Fe wire at Tcomp = 65.5
K. The extrapolation of the high field MR data to H = 0 in
transverse (solid line) and longitudinal (dashed line) geometry
shows RL,0 = RT,0, the resistivity compensation at H = 0.
The resistivity with walls present, ρ(H = 0), is smaller than
this extrapolation and indicates that the presence of DWs
lowers the wire resistivity. The inset shows this negative DW
contribution in the longitudinal geometry as a function of
linewidth at Tcomp.
More directly, due to the competing contributions to
the resistivity anisotropy, there is a certain temperature
at which the in-plane resistivity anisotropy vanishes. We
denote this the compensation temperature Tcomp and it
is defined as the temperature at which RL,0 = RT,0. At
this temperature the low field MR due to the in-plane
reorientation of wire magnetization should vanish. This
occurs close to 65 K for the samples investigated. Fig. 4
shows MR results at Tcomp for a 2 µm linewidth 100 nm
thick Fe wire. The slope of the MR above the saturation
field is due to the Lorentz effect and the extrapolation of
the high field MR to H = 0 (dashed and solid lines) il-
lustrates the resistivity compensation. Fig. 4 shows that
there remains a positive low field MR, in both the longi-
tudinal (θ = 0) and transverse (θ = 90) field geometries,
and the MR is greatest in the longitudinal geometry in
which the DW density at H=0 is largest (Fig. 1b). Since
the in-plane resistivity anisotropy is approximately zero
at Tcomp, these results have been taken as evidence for
a negative DW contribution to the resistivity [5]. The
DW contribution to the MR is calculated at Tcomp as
Rd = Rmeas(H = 0)−RL,T,0 and is negative.
By changing the angle of the demagnetizing field the
density of DWs has been varied continuously in a single
sample between the limiting configurations seen in Fig. 1a
and b. The magnitude of the positive MR increases with
increasing DW density (Fig. 4) [20]. Varying the wire
linewidth also varies the density of DWs. The inset of
Fig. 4 shows that at Tcomp the magnitude of this negative
DW contribution to the resistivity decreases with increas-
ing wire linewidth and, hence, decreasing DW density.
λmfp
FIG. 5. Cross-sectional view of the magnetic configuration
of an Fe wire of thickness t, showing the effect of internal
fields and surface scattering on the trajectory of charge car-
riers within stripe domains and DWs.
This effect has been studied further in microstructures
of systematically varied film thickness [15]. In films of 200
nm thickness and greater the negative DW contribution
to the resistivity is reduced significantly. These results
have suggested a novel mechanism by which domains may
increase conductivity in thin films. When diffuse electron
scattering at the film top and bottom interfaces is im-
portant, as in the case of these high quality films at low
temperature, the internal field acting on electron trajec-
tories near walls may act to deflect charge from the film
interfaces and hence reduce resistivity (Fig. 5). Increas-
ing the film thickness acts to reduce the importance of
surface scattering and hence this effect.
B. Co Microstructures
We now turn to transport studies of (0001) hcp Co
microstructures. Fig. 6 shows MFM images of a 70 nm
thick 5 µm linewidth Co wire in zero magnetic field. Im-
ages are shown after magnetic saturation: a) perpendic-
ular to the film plane, b) in-plane and transverse to the
wire axis, and c) in-plane and along the wire axis. An
in-plane applied field can be employed to align DWs in
stripes [22]. Fig. 6b and c shows that DWs can be ori-
ented parallel or perpendicular to the long axis of the
wire and thus the applied current, denoted as current-
in-wall (CIW) and current-perpendicular-to-wall (CPW)
geometries, respectively [13] (as shown in the drawing in
Fig. 6). The magnetic structure of a cross-section of the
film has been computed with the LLG Micromagnetics
4
Simulator [23]. Details of this simulation can be found in
Ref. [6]. Calculations for the film thicknesses studied give
domain widths which are in excellent agreement with ex-
periment. For the 55 nm thick film a domain width of
66 nm was measured with MFM and the calculated do-
main width was 64 nm. Fig. 6d shows part of a simulated
magnetic cross-section of a 55 nm thick Co element. The
arrows indicate the magnetization direction of the stripe
and flux closure domains. In-plane magnetized flux clo-
sure domains constitute approximately 33 % of the total
wire volume. Similarities between the computed mag-
netic structure of these films in cross-section and MFM
images of Fe microstructures in the plane of the film are
quite evident (for example, compare this simulation to
Fig. 1a).
FIG. 6. MFM images in zero applied field of a of 5 µm
linewidth 70 nm thick Co wire after (a) perpendicular, (b)
transverse, and (c) longitudinal magnetic saturation. The
model shows the orientation of stripe and flux closure do-
mains with respect to the current for (b) CPW and (c) CIW
geometries. (d) A calculated magnetic domain cross-section
of a 55 nm thick Co element showing out-of-plane magnetized
stripe domains and in-plane magnetized flux closure domains.
The general features of the MR of these materials are
also similar to those seen in Fe microstructures. Fig. 7
shows MR results for the 3 different field orientations at
high (280 K) and low (1.5 K) temperatures. The low
field MR is negative for fields applied along the magnetic
easy axis (i.e. perpendicular to the film plane), as in the
case of Fe at high temperatures, and positive for in-plane
applied fields (transverse and longitudinal geometry). At
280 K (Fig. 7a), above the saturation field of ∼ 1.4 T,
there is a large anisotropy of the resistivity (and a small
negative high field MR), with the resistivity largest when
the magnetization is in the film plane and parallel to the
current (M ‖ J). As discussed above, this is typical of the
resistivity anisotropy due to AMR. Note that the resistiv-
ity depends not only on the relative direction of M and
J, but also on the direction thatMmakes with respect to
the crystal axes, with the resistivity smallest for M ⊥ J
and parallel to the [0001] direction. At low temperature
(1.5 K, Fig. 7b) the resistivity is largest above the satu-
ration field in the transverse geometry, with M ⊥ J. As
in the case of Fe, and for the reasons already discussed,
the in-plane resistivity anisotropy changes sign with tem-
perature.
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FIG. 7. MR data of a 5 µm linewidth 55 nm thick Co
wire in the perpendicular, transverse, and longitudinal field
geometries at, (a) 270 K and (b) 1.5 K.
The resistivity anisotropy is again important in the
interpretation of the low field MR because the magneti-
zation in zero applied field has components in all three
dimensions. For example, for the CPW geometry (as
illustrated in Fig. 6), the magnetization of the stripe do-
mains are out-of-the-film plane and perpendicular to the
current, the magnetization of the flux closure domains
are in-plane and parallel to the current, and the magne-
tization of the Bloch wall rotates through an orientation
in-plane and perpendicular to current. The low field MR
which results from resistivity anisotropy and the reori-
entation of the film magnetization was neglected in the
initial work on hcp Co films [3].
This contribution can be estimated again within an
effective medium model of the resistivity. Starting from
the maze configuration (Fig. 6a) the perpendicular MR
is:
5
RP,meas −RP,0 = γ(
1
2
(RL,0 +RT,0)−RP,0) (2)
where γ is the volume of in-plane magnetized closure
domains. Here RL,T,P,0 are the MR extrapolated from
high field to H=0 (dashed lines in Fig. 7) and RP,meas is
the normalized resistivity measured at H=0 in the maze
configuration. In this expression, the small volume of
in-plane magnetized DW material has been neglected,
only the flux closure caps are considered. From the
MR measurements shown in Fig. 7a and with γ = 0.33,
RP,meas −RP,0 is estimated to be 4.2 × 10
−3 at 280 K,
in close correspondence with the measured perpendicular
MR.
The measured difference between CPW and CIW re-
sistivities (i.e., Rt,meas − Rl,meas) in Fig. 6a is given in
terms of the resistivity anisotropy as
Rt,meas − Rl,meas = γ(RL,0 −RT,0) (3)
which gives 1 × 10−3 at 280 K, in close agreement
with the experimental value. Although such estimates
are qualitative (due to the uncertainties in the material
magnetic structure and the applicability of such an ef-
fective medium model) they show that the predominate
MR effects observed in this material are explicable by
film micromagnetic structure and resistivity anisotropy,
without the need to invoke DW scattering effects. Thus
the simple MR measurements described cannot be used
to unambiguously determine the intrinsic effect of DW
scattering on resistivity.
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FIG. 8. Measured resistivity anisotropy (RL,0−RT,0), per-
pendicular MR (RP,0) and difference between CPW and CIP
MRs (∆tl) versus temperature for a 5 µm linewidth 55 nm
thick Co wire.
Temperature dependent resistivity measurements for
CPW and CIW geometries show more interesting behav-
ior, which is not explicable simply in terms of ferromag-
netic resistivity anisotropy. Since the in-plane resistivity
anisotropy changes sign at low temperature, if the differ-
ence between CPW and CIW resistivities were only as-
sociated with resistivity anisotropy it would also change
sign on lowering the temperature (Eqn. 3). Fig. 8 shows
that this measured difference ∆tl ≡ Rt,meas − Rl,meas is
always positive, while the resistivity anisotropy (RL,0 −
RT,0) is zero at 85K, the compensation temperature. At
Tcomp, ∆tl is 9 × 10
−4. This is consistent with a small
additional resistivity due to DW scattering–since we in-
tuitively expect that this will lead to RCPW > RCIW .
If we assume that ∆tl at Tcomp is due to DW scattering
we can estimate the order of magnitude of any putative
DW scattering contribution to the resistivity. Since walls
will be much more effective at increasing resistivity when
arranged perpendicular to the current, we assume DWs
have only a small effect on resistivity when parallel to
the current [25]. The DW interface resistivity is then
given by r = d
δ
∆tlρoδ = ∆tlρod, where d is the domain
size, δ is the wall width (∼ 15 nm) and ρo is the film
resistivity. For the films studied the average interface re-
sistance is 6 ± 2 × 10−19 Ωm2 at Tcomp and the MR
due to the DW material, ∆ρwall/ρo =
d
δ
∆tl, is 0.5%. For
comparison, these values are approximately a factor of
100 smaller than the Co/Cu interface resistance and MR
in GMR multilayers with current perpendicular to the
plane of the layers [26].
IV. SUMMARY
In summary, these studies of epitaxial thin film struc-
tures have revealed new MR phenomena and elucidated
basic mechanism of MR in microstructures with stripe
domains. In both Fe and Co, micromagnetic structure
and resistivity anisotropy are the predominant sources of
low field MR. DWs have a smaller effect on MR. In Fe
at low temperatures DWs appear to enhance conductiv-
ity via the effect of internal fields on electron trajectories
near DWs which act to reduce scattering at film surfaces
[15]. In hcp Co, the temperature dependence of the dif-
ference between CPW and CIW resistivities is evidence
that any effects of DW interface scattering on resistivity
are quite small.
These experiments, their analysis and interpretation
suggest interesting directions for future research. For ex-
ample, with the recent theoretical interest in this area,
they highlight the necessity of experimentation on mate-
rials and nanofabricated structures which will exemplify
the transport physics associated with DWs. A further
challenge is the extension of such research to nanometer
scale epitaxial structures to explore, for example, quan-
tum and ballistic transport phenomena in mesoscopic fer-
romagnets.
6
V. ACKNOWLEDGMENTS
The authors thank Peter M. Levy for helpful discus-
sions of the work and comments on the manuscript. We
thank M. Ofitserov for technical assistance. This research
was supported by DARPA-ONR, Grant # N00014-96-1-
1207. Microstructures were prepared at the CNF, project
#588-96.
∗Corresponding author: andy.kent@nyu.edu
[1] See G. R. Taylor, A. Isin, and R. V. Coleman, Phys. Rev.
165, 621 (1968), and references therein.
[2] M. Viret, et al., Phys. Rev. B 53, 8464 (1996).
[3] J. F. Gregg, et al., Phys. Rev. Lett. 77, 1580 (1996).
[4] A. D. Kent, U. Ru¨diger, J. Yu, S. Zhang, P. M. Levy and
S. S. P. Parkin, IEEE Trans. on Magn. 34, 900 (1998).
[5] U. Ru¨diger, J. Yu, S. Zhang, A. D. Kent, S. S. P. Parkin,
Phys. Rev. Lett. 80, 5639 (1998).
[6] U. Ru¨diger, J. Yu, L. Thomas, S. S. P. Parkin and A. D.
Kent, submitted for publication (1998).
[7] K. Mibu, T. Nagahama, T. Ono and T. Shinjo, preprint
(1998).
[8] D. Ravelosona, A. Cebollada, F. Briones, C. Diaz-
Paniagua, M. A. Hidalgo, and F. Batallan, preprint
(1998).
[9] K. Hong, and N. Giordano, Phys. Rev. B 51, 9855 (1995).
[10] Y. Otani, et al., Proceedings of the MRS Spring Meeting
(San Francisco, 1997) 475, 215 (1997).
[11] G. Tatara and H. Fukuyama, Phys. Rev. Lett. 78, 3773
(1997).
[12] Y. Lyanda-Geller, I. L. Aleiner, and P. M. Goldbart,
Phys. Rev. Lett. 81, 3215 (1997).
[13] P. M. Levy and S. Zhang, Phys. Rev. Lett. 79, 5110
(1997).
[14] A. Brataas, G. Tatara, G. E. W. Bauer, to appear in
Phil. Mag. (1998).
[15] U. Ru¨diger, J. Yu, S. S. P. Parkin and A. D. Kent, to
appear in the Journal of Magnetism and Magnetic Ma-
terials (1998); preprint at cond-mat/9807183
[16] C. Kittel, Phys. Rev. 70, 965 (1946).
[17] see, for example, A. Hubert and R. Schaefer, “Magnetic
Domains,” Springer, New York 1998.
[18] U. Ebels, P. E. Wigen, K. Ounadjela, preprint (1998).
[19] The fields from the MFM tip do not appear to affect
the domain structures, as the patterns observed do not
change during imaging.
[20] U. Ru¨diger, J. Yu, A. D. Kent, S. S. P. Parkin, Appl.
Phys. Lett. 73, 1298 (1998).
[21] R. McGuire and R. I. Potter, IEEE Trans. Magn. MAG-
11, 1018-1038 (1975).
[22] C. Kooy and U. Enz, Philips Res. Rep. 15, 7 (1960).
[23] M. Scheinfein, et al., Phys. Rev. B 43, 3395 (1991).
[24] The main uncertainty in this analysis is the dispersion
of γ found by MFM imaging (Fig. 1), rather than in
assumptions about the wall structure within the film and
the wall thickness (30-50 nm), which we neglect.
[25] For example, in the model of Ref. [13], a ratio of CPW
to CIW MR due to DW scattering is 7 (see their eqn.
21), for a spin assymmetry appropriate for Co (ref. [26])
ρ↑o/ρ
↓
o = 3.
[26] M. A. M. Gijs and G. E. W. Bauer, Advances in Physics
46, 285 (1997).
7
This figure "Fig1.jpg" is available in "jpg"
 format from:
http://arxiv.org/ps/cond-mat/9812163v1
This figure "Fig6.jpg" is available in "jpg"
 format from:
http://arxiv.org/ps/cond-mat/9812163v1
